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No. 112 UBVRIJKL LIGHT CURVES OF CLASSICAL CEPHEIDS

by W.Z. WISNIEWSKI AND H., L. JOHNSON
April 15, 1968

ABSTRACT

Observations of classical Cepheids are presented. Analyses will be published separately.

We have made multicolor photoelectric observa-
tions on the UBVRIIKL system (Johnson,
Mitchell, Iriarte and Wisniewski 1966) for 20 clas-
sical Cepheid variable stars. For 18 of these stars,
the observations extend from the ultraviolet to 2.2u
or 3.4u in the infrared; for two, the data are limited
to the UBVRI filters.

The individual observations are listed in Table 1.
This table is divided into two parts; the first, contains
the UBVRI data and the second, the JKL data. Since
the photometric apparatus was the same as that used
on the bright star program, the probable errors listed
by Johnson, et al., (1966) also apply to the data of
Table 1.

The data of Table 1 are sufficient to define light
curves for these stars as wavelengths ranging from
the ultraviolet to the infrared. Figures 1-20 show
the observed light curves. The UBV data listed by
Mitchell, Iriarte, Steinmetz and Johnson (1964)
were also plotted, thereby increasing the weights of
the UBV curves.

The light curves shown in Figures 1-20 exhibit
the well-known shift of phase with wavelength. For
example, the times of maximum and minimum light
for T Mon shift to later and later phases as one
progresses from U to L (from 0.36u to 3.4p). On
the other hand several stars (SU Cas, DT Cyg and
SZ Tau) seem not to show much phase shift. These
same three stars are also almost constant in light out-
put at 2.2u and 3.4u (K and L magnitudes).
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Another group of stars (n Aql, U Aql, W Gem,
S Sge and U Sge) exhibit another effect. These stars
have secondary “bumps” on the visual light curves;
as we proceed to the longer wavelengths these sec-
ondary “bumps” become the primary maxima. We
suggest that this effect may be related to the phase
shifts exhibited by stars with assymetrical light
curves; for example, T Mon and X Cyg.

We are preparing, for separate publication, anal-
yses of the data given here in terms of the bolometric
light curves and effective temperature curves. The
combination of our data with the known radial
velocity curves enables us to compute the absolute
magnitude for each of these Cepheid variable stars.
Our absolute magnitude determinations are entirely
empirical and do not depend upon stellar model
computations. The results of these analyses will be
published in the near future. '

This research was supported by the Office of
Naval Research.
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Fig. 1 The light curves for U Aql. Vertical scale gives mag-
nitude differences with arbitrary zero point.

2.8 1 i 1 i 1 1 . 1
o] 2 4 6 8 o) 2 4 6 .8
Phase

Fig.2 The light curves for FF Aql.
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Fig.4 The light curves for RT Aur.
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Fig.3 The light curves forn Aql.
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Fig. 5 The light curves for SU Cas.
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Fig.6 The light curves for 8 Cep.
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Fig.7 The light curves for X Cyg.
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Fig. 8 The light curves for SU Cyg.
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Fig.9 The light curves for DT Cyg.
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Fig. 10 The light curves for W Gem.
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Fig. 12 The light curves for T Mon.
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Fig. 13 The light curves for Y Oph.
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Fig. 14 The light curves for S Sge.
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Fig. 16 The light curves for W Sgr.
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Fig.15 The light curves for U Sgr.
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Fig.17 The light curves for X Sgr.
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Fig. 18 The light curves for Y Sgr.
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Fig. 20 The light curves for T Vul.
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Fig. 19 The light curves for SZ Tau.



2e9*2Z
9e0°¢
iv9°¢
6E0*E
169*¢

0Z9*2
Zlo*¢e
£ggee
#99°¢
veg*e

26Z2*%
€8Ty
s0e*y
0G2Z*%
6ET*Y

ole*w
G914
122y
T91°%
68Z°*Yh

LBZ*Y
66T1%H
gozZ*y
8GZ*H
8ZzZ*y

W. Z. WISNIEWSKI AND H. L. JOHNSON

68

eZl*e
TLG%E
LLOE
OnG*e
€zi'e

%10°%¢€
Y06°%¢
g6e*e
€ol*e
260°%¢

ceELYy
L19%
8oL
OhlL*Yy
564%H

8L
EIG*Y
9elL*y
H19°*%
BIL*Y

g8L*%
799y
€18y
LEL®Y
LOL*Y

LTO*9
091°¢g
£06g
6216

269*%
69L*S
688°%¢g
oné*Yy
1.8

999°*9
28L*9

68¢€*9
9L9°%9
0gE*9
T%9°*9

5689
2ea*9
08L°9
69.L"9
h66*9

SLG*Y
L9Z*g
€09y
[ R AL
g8g*w

61y
EnTrg
TL1%g
6wy
A AL

70V Vi3

1219
968°¢
hel*o
681°*9
616°%¢

11e*9
288°%¢
621°*9
Lh8°%¢g
021*9

G9L2°9
£00°*9
2129
gle*s
L10*9

nov dd
g

9¢L%¢c
glLZ*Yy
99L%¢
7,2%
68L%¢

Zhgte
cec’y
LLT®Y
LelL*e
919°¢

Log*g
%02°%¢
wlE*S
€2n's
812°*¢

106°%¢
¥61°%S
19€*g
881°*S
99€°*¢q

Lyy®s
%8Z°¢
2en*s
VAR A
782°%

A

7669°5698
6696*9¢£58
6€96°9248
18962768
68L648168

0L96%L158
L6L6%GTS8
0666*90¢8
8696'96%8
LB89B*60Z8

ZZh9°LLES
9%99*9.¢6
2.68°1826
1666°6906
0LLE*8906

8065°9906
66096706
0109*°2%06
8965°1%06
8L6G°0%06

B6E£9*BEL06
6H29°L€06
7929%6€06
€609%6206
BEG9*8Z06

+0000€%2ar

SAANLINOVIA AIEHAID TYALN

902

zzzoh
6LT*H
LEE*H
96244

688°%
€919
gh6*h
981 %%

9GL*Y
YL
6€0°¢
696"
678y

LaL*Y
gGa0*9
060°¢
66LY
9614

8vg*Yy
€96
268y
hhgty
0ag*y

VI d74dV.L

9H9*h

689°*%
GL9 Yy
1284
%08y

006°s
8G8*g
8€9*S
99%°g

nZe*s
LEE®S
0LL*S
2L9°%¢s
00s°*s

29€*s
108G
2€8°¢
66€°'S
698*¢

69%*g
8L9°%¢
0eG*s
006*¢
AR AT

266°¢%

LeO®9
696G
60€°9
61e*9
ET¥*9 868°S
a0V 44

99he L
900°8
Z89*.L
£9e*L

02g*8

106°9
£E6°9
TT6°*L
LATAYA
z6e L

8eg*L
7%8°*8
76G6*8
9%1°*8

9G66°*9
096*L
6%6° L
866°9
0L0*8

€96l
L88*8
8.8°8
£66°L
200°%6

gyt L
qal®L
G99 L
Lee*l
ov1°L

0V N

16¢°6

60€°S
gl2*s
gL7*g
78%°%¢
BZZ°%¢

GGe*9
78L*9
74%6*9
Zee*9

660*9
260°%9
369°9
€96°*9
€6E*9

Z01°9
61L*9
ZyL*9
TET*9
6€8°9

662°9
0LG*9
g8e*9
H1e°9
602°*9

A

690L°0006

8929*8.98
L919°0L98
€L69%6598
SHL9%8698
8929*zZ66L

0069%LLc6
9%06* 1826
76966906
L286°8906

6L6EG*9906
1919°%6%06
9429°%2%06
08T9*1#%06
6L09°0%06

L6%9*8€06
904#9*6e06
8%.9*8206
1698*2¢68
6506*0£68

Z0%9*6.98
T€69%9.68
$099*5.98
7109°%7L98
6189°8¢98

+0000€4v20r



69

Licat CURVES OF CrLAsSICAL CEPHEIDS

60g*y
GeEG'Y

90g*%y
Goh*Yy

86g Y
08g*H

Leg*hy
6G9°%%
Zeey
9€9*H
Z8L*Y

2Ll
hEL®®
Lag*y
hLlg*h
L99*H

z08* Yy
vLESH

8LGY

£Lg"h
9ZL*Y
ength
gluedy
2ag°h

LBB* Y
968*%

h18%%
98L*YH

T26%%
gL6%Y

Lg8*y
2g0*¢g
009*H
gI0*g
681°'¢g

6L1°g
gel®g
£egy
LG6*Y
€80°¢

002°¢g
L29*%
88L*Y
LLL®Y
086°%

H88*%
9e1*¢
6%y
BZL*Y
8g8* Y

2829

2L6%9
60L"G

L90°*L
060°L

TIL*9

7e0*L

2199

IR FAL
I70*L
06L*9
690*9
gze*9

£60*9
LEQ®9

€ZLes
€18%¢g
L69%G
sh6g
0s6¢°*9

0L1*9
€Ggh*9
g8o#*s
09¢*9
L8G*9

066°9
9649
€129
6L2°9
L6h*9

sLa*9
0TH*s

1e2*9

196G
Zns°®9
L92%*9
699°g
698*¢

d¥ny Ly

L9n*g
1I4%°S

TH2tg
89Z*g
602°%¢
88e*S
166°¢6

Léh®g
#89°%g
100°%¢g
L6G"*S
16L%S

06L%G
69L"%¢g
Z6%*g
9666
71L*G

#08*¢
T€e0°*¢

£9G*¢g

Zowtsg
79L°%9
8HG°g
181°g
Tee*s

A

9GTL*6616
206696416

7el19°%616
€068 T4516
€9L9*1616
099L°0616
Z.88*8%16

87698716
£628°0016
0996°8606
TTI10°L906
9968°4%06

0T06*1%06
B266°LE06
g216%¢ceL8
£986°2898
€6L6%6L98

9L€6%9.98
L£86%8698
Le89*69%8
L0L9°89%8
#808°01T%8

G898°*80%8
989.L%0L€8
06LL*69¢8
62LL%89¢8
£€968°L9¢8

+0000¢%2ar

526%%
§66*Y

568°¢
6Lg*2Z
GIL*C

Z2Le*?
0s68*2
g06°*2
669°2
886°*2

608°*2
gewe*e
8g9°*2
196*¢
qrL*e

Tvg*e
620°¢
2662
6h6*e
qigre

2L9*e
€1,
628°%¢
vTL*2
L00*¢

#Z6°%4h
HL6%H

T YARA
06e*eE
gzlre

9Lh*E
gle*e
Shhe
70T*€
086°*2

wZZte
gLrte
gglive
h8nte
ZL1%E

0L2%¢
LrGte
glLy*e
LZhre
g6c*¢E

6T11*¢
961°%¢
ETAR
v0Z2%¢
heGre

STANLINOVIA AIFHdTD) TYALN VI FT1dV.L

LL9°9
0w9*9

6eleh
LAFRS-

8h6°*q
266*h
gas°Y

266%Y
L00*9
090°¢
Z2H0°9
GeT*q

Enles
100*9
666*¢
T496°S
¥8T*S

150°¢

CARAR]
2129

anv Ly

8lL*Y
2t0*s
g8Z*%

€905
g%70°%q
081*g
gehey
LAR AN

61G%%
T12*g
gegtth
£82°G
€66y

G89°*%
LTE®S
2eers
066*%
8TIL*h

Lig*%
oGlL*Y
oty
LG9"h
0ee*g

1oV vi3
8

96%°g
£16*¢

Zv6°€
L90%
y99%¢

091*+
060°*%
ELT®H
#89°%¢
80G*¢c

£8L%¢E
R A
helLte
9¢Z*h
LsL®e

€06*¢c
Z82°%
622
960*h
he6e

29l
2g8*%¢
9L8%¢
vZ28°%¢
762

A

1669*8018
92#L%899L

LES9*LLES
1816°*1826
66L5°6906

8%66°*8906
70199906
06€9*5%06
LH%9*ZH06
08€9°*1#706

L%29°04%06
L899°%8€06
6699°6€06
§289°1¢€06
9869*8206

L988°2¢68
6168°1¢68
€LT16%°0€68
GeZ6*0T68
€965°%2L8

HE6G°CTLS
6065°6698
£€1719°1898
L229°%0L98
ZLOL®*8G98

+0000€%720ar



T ARS

890°¢€
6€Z°€
€50°€
1L6%2
gYI°E

cle*Hh
a6ty
ov6*Yy
GEL®Y

JoHNSON

L.

gL8*%
1284
226"y
Lig*Y
z88*h

AND H.

08L*Y
Zig*y
g8L*Y
06L*%
a6y

WISNIEWSKI

Z.

89L*H
qG6°%
L8L*Y
726
BEL*Y

W.

70

g66¢

Ig¥*e
989°¢
z8hee
29¢e*e
08e*e

9LE®S
AR A
0G%°g
981°s

6LE®S
662°%¢
LO%®®g
g9t g
gle*s

922§
L92*s
9L2%G
gheeg
TL%*9

922*s
gon®a
T€2*s
9676
L02*g

LT8®*S 061°6S
8go*s 269°%
LLB8*G 9Ec*q
G29°%S 986°%
961T*s 0QL9*¥
168 %0Z2°'¢
d3> T34
€£€68°9

L66*9

026°*9

2o%*9

9Ze*l 4G1I8*9
299°9

6L2%L 208°9
ggZ*L 89L°*9
68C*L 96.L*9
296*9 €8%*9
BL6®9 L¥hG*9
OET*L 6£9°*9
TI10°L #wEG*9
€9v7*L 8G6°9
6L6"9 T16°S
T6%7%L 996°*9
Ew6*9  G8¥*9
8Lw*L 9L6°9
088°*9 O0OwHh*9
SV2 NS

n g

gee*y

#00*%
9gey
191y
866°%¢
Lze*y

LLO®S
7L1%9
Z81*9
€08*%s

1L0°*9
H6°%¢
0%0°*9
T€0%9
7¢0°9

0€8*¢
698°*G
vZ6*9
#G98°*g
€LT*9

ge8's
181*9
1e8*S
091°*9
78L°%G

A

1186°*80%8

TeLse1.Le8
0gzZ9*0Le8
$266°69¢8
£.86°89¢8
YHGL*266L

G669%¢L16
62EL*6516
By19°6616
94%09°*%516

£€208°0016
68850016
2.89°6606
189L%8606
L6EF*6906

6669°8906
6289°9906
94e6'9%06
qL8L*GH06
#LZL*ZH06

9468*1%06
60€8°8€06
§188°.L€06
598L°9¢€06
6608*5€06

+0000€%24ar

oLL*%
626%Y
808°*Yy
0€g°*Yy

69L%%
wZLoY
hL Y
LZ8%%
96 h

906° ¥
6184
Lyg*H
988 %
9zZge¥

G8geYy
658
Lhgey

heEgYy

Tih*h

698°%
Oeh*Yy
T69*h
8Zg*y
goe*Y

681*g
o9n°*g
VN AR
Lee*g

LEZ®G
€6T*g
#81%¢
s1e*sS
geEhvt g

sIh*g
66Z*%g
66e*g
g9¢€°*g
8OE*S

89€*g
gee*s
60€*S

CAS AR

Y18y

6LG*%S
TiL®Y
%019
6L8%%
229°%%

STANLINOVIN AIFHdED) TYAdN VI dT1dV.L

668°*9

gegcel

1Z0°*L

111,
0cyeL

9Kz L
661,
091*L
€81°*L
IATANS

CAXANE
g12*L
TLT0L
9el*L
g6cel

98¢°9

16%°*9
186°*9
9299
908°*9

hG*9
gLE®S
9e%*S
€299
626°9

62L*9
189°*9
62L°9
2899
869*9

2el*9
90L*9
189%9
ECL*9
98.°9

SVD> NS
BO6°*¢
gh1*L
z229*g
186*9
660°*9
96%*g

4Ny 1d

g

98L*S
L91*9
206°'4
060°*9

§98°%¢
96L*SG
%8L*S
8€6°4
SH1*9

1669
LL6°G
£€86°¢
800°*9
500°*9

LEO®*S
L0O0*9
966°¢
986°¢
0%0°9

Lze*q

EQE®S
%91%g
ZLL®S
VAR AR
650°%¢s

A

GeLL*TIEOS
L266°8206
6£96*%006
8%69°02.8

v16L°00L8
16882898
94580898
B66L°17L98
€eL8%8698

09el°01H8
7€99*80%8
LT8G*TLES
9Th9°0L¢e8
L009°69¢8

8669%89¢8
2wl *L9E8
60%9*.9¢8
ENBLPLESL
66LL%C6GL

0816°89%6

6799*8LT6
0089°LLT6
9689°GLT16
8219*#L16
9999°¢c/.16

+0000¢g#%2ar



71

Licuat Curves oF CrassicaL CEPHEIDS

Zro°9
£02°*9
#0T1*9
8619
9n1°*9

LeEg*
gEegy
€gL?
L90%S
880°*¢S

880°¢
slg*h
91L*h
EvL*h
%60°%¢G

TT1°¢
hGg*h
9L9*Yh
LTIL*Y
€90°¢s

656°*2
©02°%¢
9vzee
€682

ovec*9
€99
%069
0Lc*9
766°9

0g9°* g
£06°*g

98E*S

#89°%¢9
68L*g

£18°¢
6ES*S
9L2%¢
692%¢
OvLeg

618"¢
9ZG6*G
02e*s
8lL2%g
tH9°%g

gge* ¢
199°%¢
T1L%¢
L9Z*¢

€0L*L
Ggc*8

'892°6

§L0%6
8198
899°*8
1616

%696
220°%6
686°L
gzhvrlL

HZh*8

Low*L
TG6°L
G8L* L
hee L
19L*L

9AD> NS

ZL6°L
018*L
G26*L
onL*L
820°*8

19¢2*8
86L*L
Holtd
908*9
gl6*L

20¢e*8
gegt L
Loeg* L
6e0*L
09g*L

9AD X
Teg*y
€02*S
ZLTs
co6hh

d3> "3d

g

#16°9
92Z°L
860°*L
Let*L
6TI1%L

€lLs*9
784%°*9
9879
185°*9
8€L®9

918°*9
8hH*9
8L0°*9
066°*g
9L9%9

LEB® 9
6979
18T1°9
L%0°*9
6%4%°9

910°*%
ZHEY
hZg*y
728%¢

A

89.8%2¢€68
T188*T1¢68
8609°1898
1669°8698
22695698

0%65°6906
66098906
09€9*9906
9769*24H06
89691406

G863°*8€06
LETL*SE06
6669°*1€06
GeE%L*8206
0629°1898

2hG59°8L98
7BEL*BG98
6GEL*GG98
6668°6558
6668°*4%2¢8

Gz08LLeS
6286°6516
L696°HGT6
7086° 1616

+0000€4w24ar

66L%2
cL1%e

B6T1%E
260t
186*2
BIg*e
061°*¢

820*€
g80°¢
h¥gee
IXXAR
8gge*?e

9812
£s1%e
T91°€
900°*¢
986°2

6€0°€
ghere
966°¢
T12¢
1162

08L*2
606°2
g68°2
L91°*¢
g98°¢

HZl*e
129°*¢

E99°¢
0Za*e
68€°¢€
911°%¢
gZ9*¢c

Tgh®e
oge*e
2glte
v.l9%¢
692°¢

260°¢
19a*¢E
0hs*¢
Tgere
ZIv*e

9Z9*c
899°¢
cee*e
169°¢
09¢e*e

GLO%¢e
60e*E
602°%¢
TLG%¢E
#02'¢

SAANLINOVIA TEHIID TIAEN VI H1dV.L

288°¢
Z2v9°4
6ee®S
29¢e*®
2LL*S

AR
§19°*s
LéE* Yy
89L*S
Ze6*h

9ge*y
bhheg
218°*¢G
geeg*y
2Lz*s

200°¢
8GL*S
helrs

961*¢

LA AR
0ZH°&
LA

686*%¢
LTS

€ed*q
0€0°*¢
98L%%
010"
o¥1*¢

6E8* Y
€10°*¢
090*%
6L1°%¢
L9h*h

286°%¢
€66y
GLT1*S
gEGhthy
2oLy

219y
0ce*g
hhlohy
LLZ?*S
889y

L96*¢
T86* %
9e1®y
9e6°*h
LGZ*y

d3> 13da

g

A

8285°0616
9986°8416

£€286°0016
E¥66°6606
21998606
%919*6906
1699*8906

26L9°9906
686L°G106
ZHIL*THO6
L6T8*TH06
#908°8€£06

€008°%L€06
G29L*9E06
#69L*6€06
H0€EL®TECS
7.9L°8206

LT98°*%006
82H6°6£68
9626168
6086*%2L8
GHl1L%22L8

L299°6698
#0TL%6L98
7EGLLL98
2L8L*G698
0869°01I%8

+0000€%220ar



L. JouaNSON

WISNIEWSKI AND H.

W. Z.

72

9LG*S
€8%*g
g8H°*q
Lv8*s
LZH*s

969°¢
S6L°%°S
61L°S
80L*S

9L6*Y
066°%
000°*4
8€0*S
9T16°%

BL6*Y
Zvo* e
2e0°s
L96*%
388°*%

L26%Y
696*%
s10*¢s
826y
6%0°*S

161°9
6%0°*9
£66°¢
hiw*9
hl16%¢

982°*9
LZ%*9
26€°*9
91¢c°*9

I82°%¢
LS2*g
Lhe*s
8LE®*G
602*g

882°*¢
LBE®S
09¢* g
0LZ*g
L61%g

6G6C°*S
g92*s
GEE®S
2hiTg
TZh*g

8LL*L
gI1*6
Z88*L

9gL*8
Z6E®6
LGZ*6
7898
g0e*8

§86°6G

5e8*9
1189
£EGhe9

6299
TLL*9
g08°*9
0LG°*9
gew*9

89%*9
%69°*9
6%L*9
8o9#*9

VAR ANS
cee*s
oce*L

Zetr*8
606°8
69¢*8
220*8
€L9*L

W39 M

082°9
8e€Z°*9
eah*9
6en*9
L60°*9

9L2°9
Ley*s
6L%7%9
T#Z*9
sTI1°*9

LyT1*9
30¢€e°9
91#*9

I#1°9
0eg*9

9A> 1d

Lzs*9
692°*L
86G*9

eELT®*L
glLe*l
Zedt L
LLO*L
L9L*9

chL®s
£EeL®s
2e8*q
0eg8a
9€9*¢

ghlL®q
198*¢9
§88°¢g
6eL*s
§H9'g

899°%¢g
26L*s
I#8°%¢
§L9°%G
506°¢g

A

€LL9*69Y8
96L9*89%8
1LT8°01H8
LH.8*80%8
69LL°0Lc8

618L*69¢8
908.°89¢8
6906°L9¢8
£90L.°8018
6668°L65L

£99L*GLED
£€9L6*0016
L6LG5*6606
00196906
8629°*8906

10696906
L29L*2H06
6%19°2%06
1,L09*TH06
L629°8€06

LOYL*G6E06
€T12L°1¢€06
66196206

L56L*8206
G678*H006

+0000ev2ar

L26*Y

L90°%¢
9€0°S
0L6*Y
926°*%
€86 %

26y
980°¢
896°H
L6
LTT*S

4819
612°*9
620°9
260*9

698°¢
291*9
£88°¢g
620°9
£68*%g

616°%¢
€00°9
€11°9
6219
691*9

912°¢

10%°%¢g
£8€*S
€629
2T12*g
88¢°*¢

§hitg
g6e*g
862°*4
0g2*g
VA AR

L6G*9
£66°*9
g8gh*9
TGh*9

¥61*9
T19*9
0gc*s
Lev*9
€819

#82*9
T0%°9
£9G*9
€269
986*9

SAANLINOVIN ardHda) TIAIN VI AT1dV.L

160°9

06%*9

igv°*s

6L9*9 12¢°9
661°9

LH2Z*9

92%#*9 H61°9
Z22L*9 20%°*9
LEL®S 9%E*9
gL7*9 #el*9
Z2h6*9 LGG*'9
9AD Ld
8L

TeB8*L

060*8 G4%l°*L
000°*8 ¢99°*L
T02°L

ewgtL

€96l 6L2°L
626*L 669°L
6uhel LI91*L
88#*L 092°L
BEG6?L Te9*L
911*8 128*L
66T1*8 8H8°L
§60*8 HTI8*L
9AD NS

n g

129*%¢

9L8°%¢g
gl8*g
TLL°G
7L9°%g
whl*g

189°*¢
298°g
208°¢
199.%¢
096°*9

691°*L
£91°%L
#L0°L
600°%L

L19°%9
£eq1*L
7€L*9
066°9
2999

ahl®9
1L6%9
921°L
Z21°*L
691°%L

A

LG99°8.98

£Z€L°LL98
T67L*%.98
ZyhL*T1L98
084L°*8498
66%L°G598

9796°1.LE8
0809°0L¢e8
09.6%69¢8
L8LG*89¢c8
6L86%L9¢8

#LG99°LLEL
6216"1826
68%6°00176
2els*6906

6885°8906
6£09*9906
0929°49%06
9He9*IH06
£629*14%06

6LTI9°04%06
96499°8£06
0689°6€06
82L9°1€06
0689%8206

+0000€%2ar



73

Licat CURVES OF CrLaAssicAL CEPHEIDS

6vg8°*¢c
wNmJN

6hr*?2
Ls6%2
£g86*e
090°*¢
066°2

016*¢
286°¢
g8€6*¢

9¢6* ¢

L8662
geL*e
vle*d
LO0°€
LLe*?Z

968°*<

zLLee
€20 ¢
986*¢
h68°%2

#26%2
068*<¢
Log*?e
LO0%¢E
geL*2Z

6hite
grc*E

1T
pgc*te
vZh'e
g8v*e
geee

L6l*¢
6In*e
L9c*e
gle*e

6297 ¢E
751%¢
LBE*E
A AR
hinte

gEe*e
gglee
6yh*E
9Zn*e
Zle*e

08eg*e
ozZe*e
glc"e
ghywle
66T1%¢

LBE®G
GIv*sS

g60°*G
9gh*q
96L°G
gZ1*9
Lel*g

TLG%S
768%9
269°4
#hl*g
Zn8*¢

66L°G
L92*q
2094
ZLL*S
LT6*G

ZL9*g
g60°*4
LIn7*S
0e8*s
868°%G

TeE6°G
GEL®S
06%°*S
LZg*g
681G

(A
LGL®Y

gZg*y
2ag*h
090°*¢g

L66*Y

968*%
g80°%¢
o%6*%
L9y
880°*¢G

€609
%29*h
g16*%
#90°*¢
LOT*S

TH6%%
9Z6°%%H
Zes*y
#L0°6
280°%¢g

201*g
6e6*Y
G9L*Y
GlLO*S
986

W39 1327

8

1.8%€
Ll8*¢

Ghlt¢E
266°¢
BITI*Y
ZLI®*Y
%80*Y

8g6°¢c
eZl*Yy
500°%
#88°'¢
6LT%H

eZl*y
B6L"E
920y
8TT*h
Tty

Z66°¢
BGL*C
0e0*y
8el*w
LOT*Y

LeT*w
710%Y
998°¢
9el*h
z208°*¢c

A

21996068
L0E9* 6618

€919*86%8
LOES*E8H8
#6€9°2848
GHL9*18%8

€069408%8

1069°*69%8
862L°19%8
9hLL*6%H8
L218%€eHh8
Lw18°THh8

g06L%TEY8
7G628°L6ES
Le9B*18¢€8
68L6%°08¢8
2oe66Le8

9506°8.¢8
6086°9.L¢8
6%68°*TLES
Ge8L°0L¢8
1668%69¢8

#88L°69¢8
7¢6,.%89¢8
7%16°L9¢8
6229°*LH18
LZ€9%cHT18

+0000€%24r

gaL*2
19L°2
gB8g*Z
chL*2

€ehg*g

WiH*G
18L°¢
9L9°*¢
LL9*g
69.°6

1A A
66L%S
6EHR®S
£E9%*g
62H°S

606°¢g
894°¢
0Z9%g
0c2g*s
66%°*%

£89°¢
06%°¢
£eg*s
09%*¢g
€6G°*S

201*¢
68T°*¢
682°¢
760°%¢

6L%7*9

€EL6®S
»Iv*o
€67°9
862°9
EAR AR

676G
2ev*9

086°*¢
0z0°*9
L26%8

620°*9
910°9
261*9
LY9*9
G66°G

9€2*9
720%9
96%*9
6009
9LT*9

SHANLINOVN aIgHad) TYAdN VI HT1dVL

0E6*Yy  29%%%
10e*s LL9*%H
£g82*s 06GL*Yy
gI8*y 6le*w
W39 1327
hLe*6 216°*8
060%*8 €26°L
06¢c*8
“9l2°*8
£92°8
664%°8
6vetl
H8+%*8
G09*L
vZe*8  GB9*L
£G8°L g62°'L
egh* L
0928 €£499°*L
£GE®8  06L°%L
LBT*6 00%°"8
0g69*L
gHZ*6 €0¢*8
0L9*L
9849°*8
H62*8 1L9*L
1%0*8

W39 M

n 8

gIL*E
a68°%¢
ge6*e
2L9%¢€

96E*L

60L°%9
ZletL
Go1°L
SLTI%L
enel

L8G6*9
0teE*L
€eL*9
GLL®9
€LG6*9

089°9
LHL*9
1269
gIE*L
66L°9

LyT1*L
€9L*9
goc*L
19L°9
#00°*L

A

HHH9°2H 18
92€9*ETT8
9€TL*80T8
€£65.°0808

Z2G76°* 8996

GLBI*LLTE
9LH8%GL16
€2€9°7L16
LE6S*HLTE
68656616

18687616
9869°1G16
9L09°*8%16
19€8°0016
EH96 8606

0LT0°*L906
#606°5%06
9066%2%06
L©66*T4%06
€200°8E06

g1e6%c?L8
£666°0898
€9%6%9.98
L220%%198
€686°84998

+0000€%20ar



c6gee
Ta1*%

999°4

g99°*%
61g*%
€66°*%
826"
998

L. JoHNSON

9aL*Y
229°%h
Lyg*y

889 *Y

9ag°*Y
hG8°h
z6g*y
168*%
66Hh°Y

WISNIEWSKI AND H.

506
68e*h
vog*y
glig*y
£8LY

Ww. Z.

74

LhL*h

96L*Y
9119

Lee*g

0g6e*s
L0OG*g
LoZ*g
196°¢
LhG*q

anh*g
982°¢
2649
oEw*g
H8E*S

981*¢
Zhhv*g
266°%
OL%*g
7el®g

22¢1*s
LL6*Y
LO6*Y
91s*4
T6%°¢9

£€9Z2°*8
0T1*6

G116

020°%6
882°*6
£€9.°8
g08*8

01Z*6
G268
gTe*é
902°*6
G216

gh9oeg
0ET*6

6%G6*8Q

G99°*,
zee*l
9¢c®6
092*6

wGe* L
€L8°L

HdO A

VAR R
el

2L L
666°L
I%9*L
08L*L
£00°*8

006° L
1.9,
sh0*8
968°*L
8ZB*L

Z8%°*L
8L8%L
180°L
©19*L

918°9
896*9
€86°L
#00°8

NOW 1

296°¢
Tow*9

%919
9Le*9

LOE®S
6£6*9
Z12°%9
706*9
6L69*9

65%°*9
€929
L96*9
6H%*9
£ge*9

€EET*9
76%°9
£88°%¢
©6€E*9

LalL*g
9Z9°¢
06s°*9
186°*9

A

11968148
7EE6*0TG8

2ZH6*0LHE
2666%26¢6

0h86°T16LH
BLY9°L026
988L*ELTE
81996616
£029¢H5T16

86691616
9400°L906
8L88B*GH06
L626%°2%06
9%786°*1#06

€066°Le06
71L8*¢CL8
L086%¢898
7020798
§889%69%8

6699°89%8
L008*01T#8
8658°80%8
L6GL°0LES
289.°69¢8

+0000€%24r

0GL*Yy
helL*h
Z6h*Yy

agL*e
g98°¢

86*¢
Legee
0662
§8L*C
7162

Lsg*e
69L*¢
gwi*e
8L8°¢2
096°2

9%g8°* ¢
9Lg*¢
I8L°2
62L°¢
Lig*Z

h86°2
866%2
9%L*C
g6L%?2
wh6*e

99%* g
YA AR
€66y

9¢1°%¢
Thi*e

eTe*e
ghite
gehvee
LLT*E
Shete

6L%¢
961°*¢
0TTI*¢
L9Z*¢
gLE®E

A R AR
L12*e
9eT*¢
080°*¢
L TAS

68€°€
ggh*e
9Z1°*¢
Lyl®e
givee

STANLINOVIN AIFHdED TIALdN VI ZT1dV.L

Ly2%6
68T*6
702*L

168°%
702°¢

682°4¢
gLn*q
916°¢
VIR AL
289*4

7646°G
0ttT*s
Ge6°h
661*¢
A AR

966§
969°%¢
Ov8*H
e8L*Y

ghheg
8G6*S
280°¢g
ZL8%%
gTL*S

w6l
68 L
£09°*9

NOW 1

Lhe®y
166*Y

2Ly
88L*Y
801°¢g
229°*h
8Z6*%

6e8*Y
7lG*Y
(XA AR
0L9°*%
LG8

Leg*y
€06y
09e*h
LoE* Y
6T19*%

968y
1 AR
hag*h
R A
896* Y

W39 1327

g

00%*9
£ch*9
g0L*g

Z%9'¢e
Ge8* €

906*¢
ci6'c
0g1*y
06L*¢
800°*4H

626°¢
9¢lte
969°%¢
106°¢
G66°¢

LEG®C
9h6*¢
099°¢
Z€9°%¢
098°¢

%T10%%
912
08L*E
L0L*E
EH#0* %

A

099L.°89¢8
7688°*L9¢8
82698018

LG69°LLTE
EEEL®GLTE

86T19°*#L16
L699*66T6
692ZL*1616
gIh8*8v16
£116*6216

01L6*8606
GEZ0°*L906
Zv26*691w06
€€L6*CH06
#0T6* 1406

7600*8€06
68e6°¢cZLl8
£688%6698
£686%6.98
#L.10°8L98

7866°9.98
#G510°6L98
8020°*1.98
9666%8698
0T€E9*0TG8

+0000€e%240r



75

LicaT CuUrvVEs OF CrLassicaL CEPHEIDS

802°*6
0LTI*G
Lweeg

qLT*G
ZL1*S
hebth
LB86°%
691°%¢

29h %

108°%
Liw*y
2eg*ty
19¢€*4y
EAS A/

79y
29¢°Yy
LIy®y
9GL*y
Tih*Y

L9G*Y
LZ9*y
SEL*Y
£EEG®Y

6T10°9
8h6°¢q
€10*9

ge6°s
g26°*s
296°¢9
669°¢
6e8*S

678

£92°*¢
geg*y
LTO*S
gog*Yy
G6L*Y

9h1*g
6LLY
0Z8*%
Zl2*s
z286*Y

986°*%
getl®s
LIZ®S
266°%%
981°¢G

89¢c*6
ce6°lL

gheté
Lee*6
LS6*L
6L9"8
1668

she*L
SHL*9

669°L
766°*9
82¢*9
wLL*L
el L

L79°*L

0LZ*8
661°8
ine*s
10e*L

T1e*8
L0g*8
862" L
8GL*L
8e8* L

¥os N
8g1°*9

0h6*9
961*9
0%9*9
%81°9
£00*9

LG8*9
660"9
§%0*9
S00°*L
10¢°*9

29¢e*9
678°*9
088°*9
166*9
016°*9

395 S

020*L
626°9
8%#0°*L
£9¢e*9g

000*L
966°*9
6lLe*9
269°9
#2L*9

TZH*s

800°*9
XA A
£€6G°¢s
[AA AR
0sg*S

898°6
€9€°G
2LE"S
€10°9
G€9°5

68G6°g
68°%4
2e6°*g
169°¢
$88°%¢

A

H94%9°6698
€2€6°6568
69.8°€4668
0es6°8268

£€9G6*L298
£€9696%9268
0096%*22¢8
0266°0168
6£8L°%7228

EZL9%LLEG

9¢€26°1826
LT19s°*°00T16
6985°%6906
6109*8906
09199906

0Hv%9°5%06
97#69°Z%06
§L%9° 1406
8LL9*BEQE
L169%6€06

2I69°1L06
280L°8206
LL%9°8L98
£€1.°84698
L816%L968

+0000gH2QAr

6€0°%
20z*y

8ei1*h
KA R

960°*h
KA AR

HZT*Y
L9T*H
S60°*%
960*Y
196°%¢€

€90°%
VA AR
qglo*%
B66°E

LLT*Y
LLT*Y
LOT*Y
B860°%
G96°t

196°¢
Zé6°¢€
0Z1°%
890°*%
L10°Y

LI6°Y
021°*g

061*g
160°¢

LOO®S
2T1%¢

G0l*g
711°%¢
I#0°%g
886 Y
g8y

786°Y
LZtrg
896°%
L6y

ghT®g
9¢€1*g
62T*g
080°¢g
226%*%

T16%%
H06°%%
g40°*¢
600°¢g
656°*%H

SHANLINOVIA AIFHJED THALN VI dT14V.L

6LO*6

6016
ev0°6
86e*8

9c0°*6

€60°*6
GZ1°*6

268°*8
6Tc*8

601*6
cgl*é
891*6

§90*6
8216
78L*8

L9G*L
GEB*L

wZgtL
gL8*L
VASANA
7Z8°%L
0t18°*L

66L%L
9v8* L
LLL*L
£69°%L
60eg*L

g9t L
T%8°L
86G°L
el
BLT®L

€L8%L
T16°L
206 L
288*L
006*L

Tee*l
0Zs*L
£98°L
ZL8*L
665°L

Hd0 A

2Z21%9
£6eE®9

0Zv*9
€Le*9
280°*9
goe*9
gEhe*9

T2e°®9
Zve*9
9629
122°*9
600°9

90T*9
8H#E*9
g8eT*9
821*9
916*¢

08e*9
£6€*9
L9€E®9
66€°*9
9L0%9

110°%*9
890°9
58c*9
Z2He*9
381°9

A

T1€09°LLE6
1088°*18¢6

6088°0826
2606°9%26
1068°8€E26
2€20°%°6L16
6065°2%#06

#98G6°*T#06
£.86°0%06
€029%8€06
9eT19*L€06
0665*6206

#865°8206
8209°6206
61T9*6106
1129°*8106
G729*%106

626L°6€68
GZlLL*8e68
LEGL®LEES
1€L6%°0898
GL09%9.98

8686°%L98
6I%9°8498
28€6°8268
6626%9268
0LE6°2268

+0000€%2ar



GoH*h
ove*h

Zeég9*t

g6%°%¢
géee
€ihre
ZIg*e
6ezre

L. JounNsoN

®1Z°%¢
Ivg*e
There

LIg*E

Tév*e
Tl9°¢
669°¢€
Zng*te
Tegee

WISNIEWSKI AND H.

W. Z.

608°*¢c
gwgee
OLL*E
8eg*E
88L*¢t

76

1e0°%g
L8L*%

660°%%

096°¢
T06%¢c
L98*¢
ZLlte
789°¢€

7L9°%¢€
L90%%
GBL*C
9.8°%¢
650*%

9h6°%¢E
I7h0*h
980
6L6%¢E
168°¢

89¢*Yy
Tee*y
ooeg*y
gce*
09Z°*%

719%L
286*9

80T *9

188°*69
8L0°*9
w2Ll*S
68G°*G
91Z*¢q

796°*G
0Te°*9
T0%*G
669G
79¢°9

0LG*S
18L%G
Goe*9

Tee*s

21€°9
8G6G*9

066°9
0ZL*9

918°*9
980°9

¥9S A
622"

sle*s
8Iv*s
LIE®S
2sl*a
Zeg8*h

680°%¢9
LOL®S
LB6*Y
geeg*q
©9L*G

¥oSs X

6704
EAR AR
0LL*S
gezeg
©l6%Y

h9L*S
q06°*9
1e8*s
9G1°*9
€10°9

YOS M

8

658°4
(AL AN

9ew Y

00L*Y
0T9*%
L9G*Y
BIn®h
LHZ°%

76E*Y
LZB*Y
9qe*y
00s°%h
£Eng*h

1S TAL
099°%
86L %%
LL9®Y
98y

706*Y
966°%

sel*s
660°¢G

A

£686*8168
0eh6*0148

6%709°9.€6

06581826
9L06°*%926
GH16°9%26
#6LL°0%68
LeEHB*EGESB

%L16%9268
7626%2268
Ty66°%L1458
868L°%6228
1558*9818

89981826
9616°%7926
GHZ6*9%26
60L9°0006
GEBL*BEES

€608%.£68
8€09°1.98
90€9°6698
£8Geh*L2e8
G0w6*9248

+0000¢gv2ar

G6#%°%¢
s508°*e
Gég¢
99g°¢
7l9%¢

LIH*g
9€0*g
Gle*Yy
ZE0*S
160°¢

Z91°¢
891°¢s

06ty
R ARE

962°S
H11*S
7lg*g
Z0g*g
CATAL

200°*¢
Ti6°%
The*?
BEZ*S
0Be*Y

GB8*¢
€0e*y
£90°*%
o6eE* Y
gLy

Ge1*9
g8L%s
896*¢S
26G°¢
£6L%G

£G6*q
926°g

196°¢9
Zv8*g

€%0°9
126°6
LL0*9
€€0°9
6L6°G

G0L*S
£ae"q
08g*g
086°*g
§L9%¢

SAANLINOVIN AIFHAT)) TIAGN VI AT1dV.L

LG9*S
LaL*9
622°9
©1L°9
€2L*9

2.L8°8
800*8
666 L
LES*S

g68*L
L9G*8

8BE*6
£LG*6

g€ive6
182*6

9968
0L8*L

8806

T61°%%
ge0°*9
8h9t g
qe0*9
686*¢6

¥osS M

88€*8
0e6°*L
70€e*L
hev L
g08*L

6128
g61°*8
wle*l
12 AN
678°L

£8e*8
#0%*8
66L%L
1078
Zle*s

gvl*L
992°*L
00e*L
goZ*s8
929°* L

¥9s N

Goa®y
%80°%g
T9L*Y
0L0*S
800°¢

560°%L
118°9
9Le*9
8EH®9
89L°9

L76%9
1€6*9
8G%*9
She*9
2eL*9

880°*L
286*9
ghl*9
L90*L
§L6%9

L29°%9
£2e*9
7LE®9
5L6°%9
166*9

A

66962248
10L6*8168
06086028
96%8*2618
2LE6*TIIS8

1829°LL¢E6
19680826
BLEE*HIZ6
€€26%0626
60%76*94%26

6229%6206
8669°*8106
0LE9*HT06
BELL*OW68
7¢08°6€68

€L08°8€68
9828°%LE68
€689°0006
GZ08°1€68
9216%0168

01888068
8606*9068
§686°LL98
6L09%6998
6L%9°8698

+0000€42dr



77

LicatT CUrRVESs OF CLASSICAL CEPHEIDS

Lel*s
681*G

Loz*s
66Z2°*9
9€1°¢
L6Z*S
692Z*¢

g62°¢
LBZ*S
g8Z*¢
hhZeg
I11*s

hezeg
6816
6%1°6
621°6
%6275

€92°¢
7629
262°%¢
621°*¢
gleg*s

262°%4
el1*g

ah1*s

h9z*g

L89°%¢g
¢eL*s

Lel*s
v88°%¢g
LG9"g
668°%¢
LL8%%

968°¢g
€986
L98*¢g
728°%¢G
9h3°%g

818%¢
26L*s
669°¢g
TL9*%¢G
9/.8°%

9v8* g
9.8°%%
©26*¢G
7L9%G
088°*S

9¢8*g
8E9* G
999°¢g
61L*S
Z298°¢g

ovZe*8

L8T°*8
169°L

geh6rL
€10°8
90L*L
759 L
gel*8

960*8

802*8

690°8

gGL*L
79T1*8

9¢Z*L
162°L

€62°L
6%9°*L
Let*L
0t19°*L
009*L

029+,
gls*L
0t19°L
g66°L
61T°L

6LE*L
(A S
9LTL
8el*L
6EG®L

KVANA
SLG*L
69G°L
£E8T*L
676* L

a8h7*L
€21 L

T12°L
966*L

nvi 7s

8

gZ%°*9
LGgh*9

L8%*9
T6L°9
7LE®Y
LL9°*9
$89°9

989°9
L%9°%9
9L9°*9
819°*9
61%°*9

8eG*9
©26°9
Z8e*9
68¢€°9
2e9*9

L6G®9
999°*9
Z21L*9
6LE®9
829°9

8L4°9
gee*9

£8E°®9
§€9°*9

A

6699°G6L16
BESL*HLTE

L6LG* LT
8069°€L16
81296616
OgLL®Hs16
9065*9616

£966°1616
el ®8HT16
0g66°8%16
266L*0016
206L*6606

SH8L*8606
20€6°*8906
7HH8°6#06
LLG8*2H06
99L8° 1406

£6L8%8206
90%6°Le06
£200°6206
6886*%006
Tenl®0ZL8

L%88°1898
96%6*0898
L009*6948
0GHL*0TH8
6€TL*80%8

+0000€4%2400

701G
g91°¢
8gZ*S
0lg*s

62¢*g
G6T*4q
691*¢
cZ2*s

glg*y
68e°%
Te9*h
02g*Y
0L9*%

609°*Y
LLe*y
09g*®
B6E Y
09¢*%

£69*Y
98Z°*Y
06g*¥
EAA
66G6*%

169°¢
0TL*S
gn8eg
c88°g

996G
hwhl*s
6TL®S
108°*¢g

886°Y
998°%
hLleg
260°g
0gces

9g1%g
688*%
908°%
9%8*%
018°*%

9e€l*g
08L*Y
§60°¢g
€18y
601*¢

SHANLINOVIA AIFHdID TIALN VI HT1dV.1L

£8¢*8 Ge9*L
0e8*L 282°L
118°L 6G62°L
G61*8 €66°L
8Gl*8 GZ9*L
ZLe*L 2el°L
ahleg E€vgeL
gZL*L L81*L
668*L 4G9¢*L
81¢*8 LO9*L
nvl 7S
£EGh*9
661°*9
GLL*L 0L6*9
S0L*9
206*L #S0°L
656*9
28e*9
160*9
Ze8*9 Lle°*9
606°9 190°*9
840° L
a%1*9
ova*l 168°*9
#08*G 992°9
0Ts*L %98°9
¥OS A
al g

€1L°9
€999
Loh*9
0%9°9
10L*9

#9¢€°9
229°%9
78¢€°*9
506°9
769°*9

929°*g
0gh*g
896°¢
618°*¢
LeZ*9

LI6*g
686°g
68¢e°*g
81G°*¢g
9Le*S

6%0*9
2Z29%¢
798°%¢
gELhrtg
GeE6*S

A

G6HL*0LeS
T19L%69¢8
E#L9%89¢8
L668%.9¢e8
6169°.9¢8

T#08*L6GL
1818°96GL
ZhEB*HEGL
£E00*76GL
8e68°Z266L

8619*LLES
62H9°9LES
L188°1826
£688%08¢26
£626*9926

LZE6*9%26
6e19°6206
LI%9°8106
9h6L*8E68
1918°*.L€68

86L6°2898
99€9794598
0€68%e6G8
0L76%82¢8
L8h6°9268

+0000¢e%2afr



TABLE 1B —
(IDJKL CePHEID MAGNITUDES

£00*s
926"
266°h
126°%%
ZeL®y

€co*s
726
7964
GlL*Yy
008*+%

%86°%%
0n0°s
Te6*y
0EL*Y
SIL*Y

78

2Iv*s
ghe*g
96c*g
62¢e®s
890*¢

wew's
geerg
ohe*s
680%*¢g
8el*g

96€°¢
Lew®q
Lee®g
£90*¢g
220°¢g

0ge*L
VA AR
062*L
och*9

992°*L
161°*L
©66°9
6046°*9
69L*9

g6lelL
cee*l
19¢*L
€ce*9
Ghe*9

SHL*9
8CL*G
L69°*9
9EL*9
L60*9

89L*S
189°*9
186°*9
LIT1*9
26¢e*9

TLL*S
ghg*9
£9L°9
€£60°9
£66°¢

anA 1

020*9
LG6*¢
296°¢
9L6*¢
LEGg*G

5¢0°9
716°%4
7065
§66°%¢g
£89°g

686°¢
050°9
666°¢
716°%g
E6H*G

A

60L6*0016
82LG*6606
Le09°6906
Z819°8906
62%9%9906

LEOL®ZH06
L6LI*T1H06
880L*8¢€06
9L2L%5¢€06
Z0TL*TE0Q6

12€L°8206
8206°1¢€68
LEHn6*0€c68
94%9°02L8
9965*11L8

+0000€ev2ar

TEg Y
866*Y
699°%

T6L°%%
€16y
s0g*Yy
960°*¢
986*%H

002°*¢
£61°%S
941°¢g
R

202°*s
L6E*S
G66*Y

£80%g
gTEe*S
6g1*g
gHh*g
98t°*g

9LL*G
70L®*G
%69*¢
299°¢

<]

SHANLINOVIA AIZHdI) TYAdN VI AT9dV.L

£gne9
Zi8*9

881°*9
LH3°*9
Z82*9
818°*9
T%L°*9

160*L
1699
s8ee*l
892°L

TNA L

8v6*L 9le*l
EXARE
682°L

q12* L
nvl Zs

N g

BLL*S
£20°%9
Slhs

G66°g
T.8%G
889°*¢
Z2L0%9
686°6¢

506°9
6H4%°*9
8L%*9
18¢€°9

A

08€9°*1898
L669%8/.98
2889°1.98

Z9%L*8698
6H65°1.¢e8
§009°¢0L¢c8
ZTLs*89¢8
LLle*l9¢e8

6228°89%6
6£86°26¢6
T0L9°%LLT6
LG7L*GLT6

+0000e%207



JD2430000+

855849134
86406 7446
867446673
867546679
869445708

904146612
9061,5864
9062¢5744
906345659
906445849

90725876
927348910
927448930
939146343
939246317

939346438
942566213

832046069
8339,5961
855849086
B66967056
867446570

867646587
869346376
906145744
906245649
906345535

907245727
9273.8856
938646196
939346363

830146618
849449656
B49740069
852169722
852349773

855849339
856448931
8669.6788
866947280
867066390

86T1e7247
867546995
869445840
903546343
903645885

903846010
906146463
906246081
90635981
906446084

907246070
927349115

I

v

446751
FF

44365
44132

ETA

20655
20803

24951
24735

AQL

44425
44405
4e439
44308

46523
44338
bbbl
44553
44625

44507
46531
40669
44281
Le458

44536
44397

AQL

36993
36874
34959
34979
36906

3949
34931
34945
34970
3.768

34817
3900
30795
34880

AQL

20411
24448
26299
24568
2422

2707
20473
24420
26447
24310

24523
28457
24648
2423
26367

24569
24620
20320
24298
24358

20446
26340

40060
34785
34758
34783
34826

3.886
34784
3771
34891
36921

36940
3875
34998
36733
36925

3893
34863

34575
3492
3e490
36543
36506

3480
3440
3430
36449
34363

34388
36482
34355
34522

14969
2022
1874
14999
16943

20143
14921
16981
le942
1.831

264022
24013
2201
1915
16932

2008
24141
16915
1508
14896

16835
1e927

3e592
34726
3774

34833
3694
34638
34718
30747

3e744
3777
34803
36777
3804

34767
3.808

36443
3¢216

36403
34331
3359
3,371
36249

34275
3364
34168
36460

1954
le822
1.935
26005
1e734

10934
2,002
24065
1.958
le768

14916
24071
1.818
1e768
1730

14780
l.848

JD2430000+

927449144
939146713
939346762
942546410

833949878
836849258
837049382
8378s8221
837948659

839248312
839647753
839747844
839847735
840047883

843147587
848246141
873949766
874049866
87717779

906069738
906149030
906249350
906369466
914008533

91846745
918546337
918547326
922746561
942449489

942549892
944849695
94618835

832347783
832348424
833948759
834348297
837746057

837866612
837946509
839545822
839646114
839745879

839846431
840045911
843045729
B43145795
8669,8854

869346708
877146360

829847316
831547095

1

ETA

24836
RT

4e679
44392
44765
44699
Galbl7

44818

44569
44531
44690

44297
4eT35

44700

4e728

sV

40897
44881
4,808
Lo T54
44867

44839
44822
44933
4o732
44848

Lo 797
4e811
44941
Lo 167

DEL

24823
26963

J
AQL

20467
26527
26367
2e526

AUR

44398
44229
44470
46450
44299

44481
44522
44380
44308
44458

4el91
44525
44481
40192
44178

44479
46205
44405
4 ol54
46233

44640
4elT5
4 o364
44396
44350

44518
46426
44458

CAS

44594
44576
444006
4ebTlh
44610

44478
44630
4eb65
40527
44538

4el421
4 4499
44555

4e468

44590

4e622
44615

CEP

20643
24737

24009
24128
16945
1+987

34909
34882
40047
44130
34942

44081
44093
36997
34959
44025

30885
44035
44014
3909
34802

44004
3e862
34909
34931
44039

46103
3831
36863
34995
3905

36990
46009
34840

40198
4el143
44203
4084
40251

40158
44093
44155
48145
4e 140

44017
4e152
44167
46123
44167

4el63
46066

20187
24316

1829
24040
1,838
14893

34835
30890

34905
34787
3¢865
34910
34817

46040
36719
34761
36886
3.731

34850

34977
34770

34983

40049
34935



JD2430000+

831547769
831646708
831607385
831746758
831747359

832066477
832346380
832346879
83394+6656
83775957

837865924
837945877
839565718
839646036
839745809

839865921
840045734
8638,8298
866946715
874106434

874746220
906167424
906206637

90636800
906446563

907266734
9385,7720
939047904
942446858

855849398
86468088
867147390
867646914
869445938

903847372
904067021
906146680
906246298
906346429

906446260
907246458
938547140
939146990
939346944

942446542
942546566

832046186
855849286
867167152
867447046
867546891

9035,6009
904066874

I

J

DEL CEP

24990
30155
34192
36201
3el41

24849
24856
2947
26765

24853
24902
24964
3,053
34123

20899
24866

24927

44706
SV

60172

2134
24838
26857
24919
24922

26732
2702
2717
24718
2620

2583
24639
26770
20793
24868

24719
24631
24928
26756
24899

24694
2749
20898

3,023
24630

24846
24813
34000
20668

CYG

44456
44596
44352
44588
44575

44597
44694
4eb421
44181
44303

46301
46656
4oe729
44340
44383

44272
4a324

CcYG

50848
56698
54850
54672

54833
56717

2283
26362
24375
26523
20481

2277
2375
2¢466
2393
24398

20237
2236
24209
20317
28401

2¢351
2214
26411
2282
2469

2¢409
20240
24382

24376
26343

20366
26328
20441
20338

36697
3919
36753
34686
36913

36864
34953
3.883
3e¢723
34741

30691
34902
36962
3739
3726

34730
36727

56440
5346
54340
54367
52368

54371
54407

26312
20169
2460

20360
24230
24410

24307
24239

26373
24204
2366
2267

34659
36633
34626

36731
34822
34809
36690
34670

34537
34758
34955
34726
34573

34627
3.664

50322
50111

54334
54353

JD2430000+

906166266
906245843
906345785
906445969
907245955

927369033
939146540
939346600
942546314

834046457
834346182
837745883
837845852
855648773

855649648
855749150
856448453
B63848156
86408280

866947465
867467455
867647918
872546079
873846087

874145648
906166947
906246561
906346691
906466469

907246617
938547356
939167315
939347166
942546838

836849403
837069534
837748760
837848291
837948743

839248439
8396.7818
839748005
839847797
840067952

848246536
848346691
869249448
877147905
906049841

906149282
906249452
906349558
914048635
918546431

I

SU CYG

54785
DT

54023
44950
54089
44878

44987

56798
56404
5784
5347
50459

54863
5519
5563
54894
54858

5569
54489

54735
5862
54848
56570
54645

50837
56610
54885
54620

cYeG

44825
44707
44876
44683
44752

44729
4807
44769
46757
4,788

44894
46782
40856
44789
44700

44803
4780
40842
44755
46749

46856
44703
44784
44748
44802

GEM

5322
56103
54403
54104
54279

5359

54189
54236
56347

54212
56037
54360
54298
54126

56102
54282
56292
50146
56209

56246
5327
5546
5361
56196

5359
56281
5473
56359

44393
4eb47
46458
4e317
40372

44315
Let22
44319
44357
40405

4e457
4e443
44500
4et25
4e41l

44501
44396
44391
44388
40397

L4eb44b
4e2T2
4456
4e4l7
44481

44860
44606
46781
46536
4776

44808
44600
46657
44653
44925

46698
44645
44782
§ob37
44665

44582
44587
44680
4e736
40942

50292

5131
5239
5452
5320

44119

4e417
44347
4440
44194

40351

44235
44255

4e445
40219
44485
44382
44419

54957
43400
44479

44522
44552

4e440



JD2430000+

922746650
939149673
939249622
942449392
942509980

831549850
831640243
831649714
83170089
83179688

831840047
832349943
832440213
833949957
83699408

837049809
84277765
B431e7674
847607744
848046207

84814,6629
848246369
848346173
849366179
849446303

849646733
84996014
850246192
850546383
866949720

86709810
8739,9608
874069992
877147990
877348767

903640168
906069943
906169477
906249533
9063.9623

91408735
9185,6523
919747443
922746715
942449578

942640066
944809877
946148899

832349793
832440146
836869097
836949562
837049112

I

5498
56491

ZET

24744
24742
24835
24817
24935

24925
26775
24796
2995
26903

24982
2¢755
26980
26686
24888

20941
2981
28591
24948
2836

24718

36040
29865

2872

24930

4o6T6
44650
44761
44704
44811

GEM

5151
56079
50170
5085

GEM

20427
24451
26516
24576
26637

2645
2550
24518
20693
2628

24701
20482
24683
24480

24587

2624
24745
2633
24592
24545

26503
26526
2716
24616
2575
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2¢539
24510
26465
24570
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24694
24687
20702
26642

24662
26567
2477
2502
24550

264642
24688
2573
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40294
46181
44263
bGae222
44347

4e594
LeT726
Le642
44568
4e547
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24023
2038
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20104

24092
26149
24150
2¢181
24090

24206
20017
20192
26097
24090
24115
20221
2183
2e¢l41
24150

2080
20103
24193
20189
26128

24086
24028
20108
24042
24085

24030
24186
24138
26241
2e¢149

24164
24056
24160
24068

2¢058
2171
28199

30762
34700
34492
36469
36597

44536

4el476
bet461

2086

26040
2.089
2009
24028
14921

1.971
24062
24097
24237
24076

14998
2.018
2107
20049
l.964

24031
20044
24052

JD2430000+

837748585
837848146
837948573
8392.8184
839647695

839747733
839847681
840047809
843147503
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872747926
877147690
906049626
906148903

906249266
906369380
914048397
918546210
922766445

939249523
939449570
942549784
946168766

832045834
856548297
867065926
B6T445856
867545930

867646106
904165812
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927248018
92738544

927448279
938545681
93915858
939245850

831746449
832046296
867046514
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906146556
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906446139
907246198

927369241
93916795
939346842
942546477

I

44661
4o437
44371
44662
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44892
44844
4,638
44852

44964

44839
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44753
44542

44572

J

T MON

44263
40058
44100
44168
44360

44315
44398
46387
44293
40457
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44480
4,136
44030
34995

44109
44040
44204
Go478
46193

44107
44258

44103

OPH

36557
3582
36439
3e422
30422

34430
36556
34282
34261
34330

34329
36419
34263
3376

SGE

44419
40211
44358
4elbs
4odb2

44272
4223
44387
44405
46386

44373
44365
40133
44320

36695
3+588
36621
36423
34580

3587
3680
3668
34794
36735

36769
3914
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36417
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36702
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34518
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26679
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24729
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26617
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34863
34675
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36853
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34893
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34851
34184
3e364
3e324

34230
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34458
34718
34306
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36440
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26424
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20623
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3.709
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34829
34863
34699
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93915707

9392,5716
939345799

833945872
855748550
856468333
869446081
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927208280
927348602
927448522
938545953
938645994

939165943
939245937
939345949
942545802

I

J

U SGR

54232
44920

44387

446529

44667
46544
44575
44650
44706

44671
44543
40657
4eT54
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44597
44428
40491
44568
46519

46519
4e667
44468
44450

SGR

34515
36505
36343
30130
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34139
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34497

SGR

20978
3¢159
3e147
34123
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3el54
3363

SGR

44123
4049
40228
44200

40206
3969
44006
44287
44270

44113
40324
44084
44179

34998
34981
34991
34939
34999

3929

3935
46160
34998

3965
34855
34901
36947
4056

44083
44069
44004
34896

2e844
24984
34001
2835
24609

24759
2700
34098

20528
20665
24634
26651
2424

20616
26765

34602
3491

36644

36694
36531
34528
3696
36723

3566
3813
34666
34641

36390

34895
3.936
4ell?2

34917
3.828
3851
3882
44017

44091
36921
3871
34763

24805
24881
24966
20699
20604

24719
28590
34053

2¢418
26630
24566
24727
24355

2547
24825

3682

34507

3¢617
34584

34702
34591

34529
34610
34601
36555

JD2430000+

832348918
834348809
837747290
837847552
837947380

839646967
8397.7430
839846602
840046519
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848046035
848246039
867469419
B72747808

876947089
87716463
904148690
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906069197

906148476
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906348461
914046975
918545979

918546595
939149300
939269290
942449229
942509343

946148664

832066402
834046327
837745734
837845764
837945718

839545550
867147583
86737882
869466251
904066751

906146798
906246483
906346590
906446379
907246539

938507252
93917216
939347082
942446641
942546738

1

SZ TAU

5211
54134
54257
54186
5205

54270
54205
54218
56149
5e247

54134
5.154
5172
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54300

44882
44954
44960
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5013

44707

44930
44770
44826
44763
44825

44876
44939
4,796
44809
44960

4e796
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44811
46773

46905
44837
46901
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44929

44807
44887
44938
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44760

44832
46822
44840
44856
4e926

44848
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40542
46568
44745
L4e471
44505

44878
44538
4a726
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44545

46513
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44649
40733
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44695
40678
L4733
44574

44265
4e312
44216
4e244
44303

44352
44343
44418
44368
44297

40354
44239
44310

44309

44300
44207
46338
44352
44373

40298
4e324
44374

46229

46317
44365
4e316
44235
44338

44335

44195
4el76
Hhe242
46138
34978

4307
4a216
44230
42082
4ell2

44176
44079
49128
40254
44162

44165
Helb2
40281
44357
44190

34991
46106

44092
44252
40192
44209

44239
46213
44395
40272
4a122

44167
46294
44253
4078
44285

46223

44086
44324
44081
44068

44170
44022
34912
46139
44092

44002
40216
4e217
44268
40150
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ABSTRACT

We have made infrared spectroscopic observations of 21 stars, using a rapid-scanning Michelson interferometer. The
range.of wavelength is from 1.2 x (8200 cm™1) to 2.6 u (3900 cm™1), and the resolution is 8 cm~1. All spectra have been
corrected for atmospheric extinction, mostly by the method of equal-altitude photometric transfers from standard objects.
The atmospheric transmission corrections are based upon a Lunar spectrum obtained from the NASA Convair 990 Jet Air-
craft, at an altitude of 41,500 feet. The corrected ground-obtained spectrum of « Ori was checked by an aircraft spectrum
of the same star, showing that the extinction corrections are valid.

Only four stars, all Mira variable stars, showed significant amounts of steam absorption in their spectra. There exists
a correlation of this absorption with long-wavelength (9-14 ) infrared excess for giant stars, but not for supergiants.

1. Introduction

bservation of infrared stellar and planetary spec-

tra has been one of the major programs at the

Lunar and Planetary Laboratory. Up to this time,

most of these spectroscopic observations were made

by Kuiper (1962a, 1962b, 1963, 1964), who used
a single channel spectrometer.

It is possible, however, to make the observational
procedure much more efficient by observing all of
the spectral elements simultaneously, as is done in
the visual spectral region where photographic plates
record an entire spectrum. A similar procedure
could, perhaps, be used in the infrared spectral
region but it would require several hundred, or a
thousand, separate detectors to be placed in the
focal plane of a spectrograph. A different method
was suggested by Felgett (1951), who showed that,
under the special condition that the detector noise
output is not signal-dependent, a Michelson inter-
ferometer has the ability to make very efficient simul-
taneous observations of all the individual spectral
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elements. The special condition, above, is met in the
infrared spectral region.

2. The Instrumentation

All of the spectra that are discussed and pre-
sented in this article were made using a Michelson
interferometer constructed for us by Block Associ-
ates of Cambridge, Massachusetts. This interferom-
eter is similar to the one described by Mertz (1965a);
it differs in that it contains two interferometer
“cubes” whose moving mirrors are coupled mechani-
cally. The “signal cube” is used for the stellar spec-
tra and has two unrefrigerated PbS detectors ar-
ranged as described by Mertz. The “reference cube”
has two optical inputs: one, a broad-band white light
whose interferogram is used to establish the zero-
point of the signal interferogram from the other cube;
the other, a nearly monochromatic helium line at
1.0833 p. The monochromatic line produces a sine-
wave interferogram whose amplitude is nearly inde-
pendent of the positions of the moving mirrors, but
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whose “zero-crossings” are used to determine the
scale of the signal interferogram. Thus, in this inter-
ferometer design, the mirror motion need not be
exactly uniform or linear, since the mirror position is
at all times known from the helium reference line.
Furthermore, all frequencies (or wavelengths) in
the final spectrum are directly related to that of the
helium line.

The interferometer uses the rapid scan technique
of Mertz; the scan time is 2 seconds, so that all elec-
trical signal frequencies are between 200 and 500 Hz.
It is, of course, necessary to add together many scans
(interferograms) of the fainter objects in order to
obtain spectra with a satisfactory signal-to-noise
ratio. This summation is performed by a “co-adder,”
also supplied by Block Associates.

The interferometer mirrors move a distance of
approximately 0.6 mm, thus causing a change in path
length of about 1.2 mm. The final spectra have a
resolution of approximately 8 cm™1.

Unfortunately, the reference cube drifts slightly
with respect to the signal cube, making it impossible
to “co-add” interferograms for more than 10 or 15
minutes. We overcame this problem by sending a
relatively broad-band “green light” (at about 0.55 w)
through the signal cube; comparison of the resulting
interferogram ‘with those from the reference cube
allows us to compensate for the drift, Thus, the inter-
ferometer has four outputs: The stellar signal inter-
ferogram, the “green light” fringe, the “white light”
fringe from the reference cube, and the monochro-
matic signal from the 1.0833 u helium reference line.
These four outputs must be combined to produce
the corrected signal interferogram, with known zero-
point and scale.

At the telescope, the data consisting of the four
outputs of the interferometer are recorded on a Con-
solidated Electrodynamies Model 5-752-7 seven-
track tape recorder. In order to increase the sig-
nal-to-noise ratio of the tape recorder, the signal
interferogram is recorded on three tracks, connected
in parallel. These recordings are subsequently played
back by a similar machine in the laboratory, and co-
added. The tapes are played back at eight times the
recording speed, so as to reduce the time spent co-
adding.

3. Data Reduction

The Fourier transformation of the co-added
interferograms, and the subsequent phase correction,
follow the procedures outlined by Mertz (1965b,
1967), with minor modifications. Since the sample

points are controlled by the zero-crossings of the
interferogram of the helium reference line, no cor-
rections for non-uniform sampling are needed. We
found it necessary to correct the interferograms for
non-linearity of the electronics (actually, the non-
linearity of the magnetic tape) before the computa-
tion of the spectra. All computations were made by
an IBM 1130 computer system; this machine in-
cludes a plotter which drew the spectra we publish
here.

The fact that the sample points are controlled
by the zeroes of the helium reference line’s interfero-
gram means that we know the wavelength (or fre-
quency) of each point in the computed spectrum. It
is, therefore, quite convenient to combine spectra
or to take the ratio of one spectrum (point by point)
to another. We can, therefore, treat our data as
multicolor photometry (2000-filter photometry!) and
make corrections for atmospheric extinction and re-
ductions to a standard system by the usual photo-
metric procedures. We have not yet established a
standard photometric system based upon the inter-
ferometer data (although we do plan to do so), but
all of the spectra we publish here have been cor-
rected for atmospheric extinction.

Our correction of the computed spectra for at-
mospheric extinction was made possible by lunar
observations that were made from an altitude of
41,500 feet. These observations were made with a
12-inch telescope in the NASA Convair 990 Flying
Observatory.’ The same interferometer was used, so
that the airplane data are strictly comparable with
the data obtained from the ground. The airplane
setup and procedures have been described by Kuiper
and Forbes (1968) and Kuiper, Forbes and Mitchell
(1968). Since our atmospheric extinction corrections
are based upon a lunar spectrum obtained at an
altitude of 41,500 feet, our corrected spectra still
contain the atmospheric absorption features due to
the atmosphere above this altitude. We have not yet
worked out the corrections from the airplane alti-
tude to outside the atmosphere; all of the corrected
spectra published herein are, therefore, corrected to
41,500 feet. As will be seen, this incomplete correc-
tion removes most of the atmospheric absorptions; it
even makes possible significant observations through
the water vapor absorption bands near 1.4 u and
1.8 u.

4. Atmospheric Extinction

The first spectrum we exhibit is that of the Moon
from 41,500 feet; this spectrum is shown in Figure
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1. Figures 2 and 3 show ground-based lunar spec-
tra on a relatively dry night at the Catalina Observa-
tory; the air-masses are 1.2 and 1.9, respectively.
Division of the spectra of Figures 2 and 3 by that of
Figure 1 yielded the atmospheric-transmission spec-
tra shown in Figures 4 and 5. A stellar observation
taken at the same air mass as the ground-based
lunar observations may be corrected for atmos-
pheric extinction by dividing the stellar spectrum by
the atmospheric-transmission spectrum. Alterna-
tively, standard photometric procedure, which in-
volves the computation of an extinction coefficient
at each wavelength, can be used to correct stellar
data that have no equal-altitude lunar comparison.

It is our plan to set up on a satisfactory basis the
photometric correction of our spectra. This must
involve, of course, the taking of observations by
standard photometric procedures, so that the data
needed for the corrections are available. On only
one of the nights (March 14, 1968) upon which our
present data were taken were good photometric pro-
cedures of observation used. The corrected spectra
from this night show what the technique is capable
of doing; the data from other nights have been cor-
rected as well as possible, using equal-altitude trans-
fers from either the Moon, or stars calibrated from
data taken on the good photometric night.

The quality of our correction for atmospheric
extinction may be assessed by comparison of Figures
6, 7 and 8. Figure 6 shows the spectrum of « Ori,
as observed from the ground on the night (March 14)
on which satisfactory photometric data were ob-
tained; Figure 7 shows the spectrum of « Ori, cor-
rected for atmospheric extinction, (the computer
program lifts the pen when the atmospheric trans-
mission is less than 20 % ; this explains the discontin-
uous line in Figure 7). Figure 8 shows the spectrum
of a Ori as actually observed from the airplane by
Kuiper, Forbes, and Mitchell.

Since the aircraft observatory has only a 12-inch
telescope (compared to a 60-inch on the ground),
the signal-to-noise ratio of the high-altitude o Ori
spectrum is comparatively poor. Nevertheless, it
serves to confirm our correction of the ground-ob-
tained spectrum; compare the spectra of Figures 7
and 8.

5. The Stellar Spectra

The spectra of Figures 7 and 8 indicate that the
amount of water-vapor absorption in the o Ori spec-
trum is very small. Note, especially, that the aircraft
spectrum (Figure 8) shows no lines stronger than

i,

e

7000

500

Fig.1 The spectrum of the Moon from the NASA Convair 990 Jet Aircraft, at 41,500 feet.

5000
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Fig.8 The spectrum of o Ori from the NASA Convair 990 Jet Aircraft.
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the noise level, in the regions of the 1.4 u (7000
cm™!) and 1.9 p (5300 cm™* bands.

As shown by Auman (1967), the opacity of steam
(hot water-vapor) in the 3850 cm™! (2.6 w) region
is several times as great as at 5300 cm™* and 7000
cm™!, Therefore, the use of the 3850 cm™ band
results in a more sessitive test for stellar steam.
Although Figure 8 does not so indicate, our inter-
ferometer operates down to, and below, 3300 cm™,
the practical limit of the present unrefrigerated PbS
detectors. The aircraft spectra do cover this impor-
tant spectral region; the spectrum of « Ori and the
comparison lunar spectrum taken from the same alti-
tude are shown in Figures 9 and 10, for the range
from 3500 cm™! to 4300 cm ™. This lunar spectrum
is not the one shown in Figure 1, but is another one
taken during the flights when « Ori was observed;
the two objects were separated in the sky by only a
few degrees at the time of observation and the ab-
sorption due to the atmosphere above the aircraft
should be very nearly equal in the spectra of Figures
9 and 10.

It is evident that the amount of water-vapor
absorption at 3850 cm™! in the a Ori spectrum is
practically identical to that in the comparison lunar
spectrum. These spectra show conclusively that there
is no appreciable steam absorption in the spectrum
of « Ori, a result contrary to that obtained by Woolf,
Schwarzschild and Rose (1964) from the balloon
observatory, Stratoscope II, but in agreement with
that of Kuiper (1962b). (Could a water-vapor at-
mosphere carried up by the balloon be the cause of
the Stratoscope 1I results?)

The CO bands in the spectral range from 3900
cm™! to 4300 cm™! show clearly in Figures 6, 7
and 8, although the higher noise level in Figure 8
obscures the weaker details and distorts the line
shapes. Note that the correction for atmospheric
extinction that is contained in the spectrum of Fig-
ure 7 removes the interfering water-vapor bands
and allows a clearer picture to be obtained of these
CO bands. These bands were observed by Kuiper
(1964, Fig. 22) with a resolution of about 5000
showing the rotational structure. They also show
in the a Ori spectrum given by McCammon, Miinch
and Neugebauer (1967). Their spectra, however,
have lower resolution and are not corrected for
atmospheric extinction.

We have observed 21 stars, including a Ori,
whose infrared spectra have been corrected for at-
mospheric extinction. These stars are listed in Table
1, along with their spectral types and the numbers
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3300 4000

Fig. 9 The spectrum, 3500 cm™1 to

4300 cm™1, of the Moon from the

NASA Convair 990.
of the Figures in which their spectra appear. In ad-
dition, the Iunar spectrum of Figure 1 (except for
the general trend of the continuum) may also be
considered to represent that of the Sun, whose
spectral type is G2 V. Most of these spectra have
been corrected for atmospheric transmission by
the method of photometric equal-altitude transfers.
Some, however, had no satisfactory equal-altitude
comparisons; these were corrected for atmospheric
extinction as well as possible, using transmission
curves derived for other nights. This compensation
cannot be expected to be satisfactory except in
spectral regions where the water-vapor absorption
is always relatively small; we have, therefore,
blanked out regions where the water-vapor absorp-
tion is high. The captions for the Figures describe
the method of extinction correction (equal-altitude,
or not) and indicate the guality of the night.

Two spectra of o Boo are shown in Figures 11
and 12; the first is uncorrected, while the second is
corrected for atmospheric extinction. Note that in
Figure 12, as in Figure 7, the spectrum is discon-
tinuous in the regions of strong atmospheric water-
vapor absorption; this is caused by the fact that
the computer program lifts the pen when the atmos-
pheric transmission is less than 20 percent. Note
the clarity with which the CO bands around 3900-
4300 cm™ can be seen in the corrected spectrum.
The CO bands in the o Boo spectrum are weaker
than those in « Ori, but there are more of them,
extending toward smaller wave-numbers. This fact
is not readily apparent in the uncorrected spectra.

The strengths of these CO bands increase with
advancing spectral type; among the giant stars, they
are strongest in the Mira stars. Their strengths also

300 7 2000

Fig. 10 'The spectrum, 3500 cm™1! to

4300 cm™1, of « Ori from the NASA

Convair 990.
increase with stellar luminosity; compare § Oph
(M1 III), o Ori (M2 Iab) and u Cep (M2 1a). The
CO bands in the spectrum of w Cep are fully as
strong as those in the Mira spectra. Numerous other
features show changes with spectral type. For ex-
ample, there are band structures at about 6380 and
6470 cm ™! which become stronger in the later spec-
tral types, but do not become stronger with higher
luminosity (at M2). There is an emission feature at
about 4616 cm™!, which appears in some spectra,
but not in others. In most cases, the presence or
absence of this feature has been confirmed by other
spectra taken on other nights; for example, we have
several spectra of R Hya, all of which show this

TABLE 1
CATALOGUE OF OBSERVATIONS

STAaR SPECTRAL TYPE FIGURE
Sun (Moon) G2V 1
« Boo K2 IlIp 11,12
« Hya K4 11 13
o Tau Ks It 14
v Dra KSTII 15
8 And Mo 1 16
5 Oph M1 III 17
7 Gem M3 III 18
82 Lyr M4 1l 19
p Per M4 TI-TIT 20
R Lyr M5 II1 21
o« Her M5 Tb-I1 22
o Cet MS5e (max) 23
R Hya Mbée 24
R Leo M3Be 25
x Cyg Mpe, S 26
a Ori M1-M2 Iab 6,7, 8
a Sco M1-M2 Iab 27
n Cep M2Ta 28
U U Aur C5,3 29
Y CVn Cs5,4 30
U Hya C7,3 31
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Fig.25 The corrected spectrum of R Leo, M8e. Not equal-altitude transfer. Steam absorption is Iike in o Cet, stronger than in R Hya. The 4616 ¢cm~1 emission appears in another

spectrum of this star.
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emission feature, while the duplicate spectra of o
Cet do not show it. One spectrum of R Leo shows
this emission feature, the other (Figure 25) does
not. An absorption feature appears at this point in
the lunar spectra, Figures 1, 2 and 3. This feature
is apparently Brackett y.

There is another series of CO bands beginning
at 6420 cm™! and extending downward to 5700
cm™l. Altogether, ten bands of this series are clearly
visible in the spectrum of x Cyg (Fig. 21); they are
less clearly visible in the spectra of the M4-M5
stars and the other Mira stars.

As we would expect from the spectral type of
o Boo, Figure 12 shows no significant steam ab-
sorption in the spectrum of this star. Unexpected
was the virtual absence of steam from all of the
observed stars, except for the four Mira stars, x
Cyg, o Cet, R Hya and R Leo. « Tau exhibits lines
around 5300 and 7000 cm™! which could be at-
tributed to steam, unless the correction for atmos-
pheric extinction is faulty; « Sco shows some evi-
dence of ‘absorption at these wavelengths, but the
star was observed at an air mass of 2.0, and the
extinction correction probably is imperfect. A sec-
ond specrum of « Sco was obtained on another
night, when another equal-altitude transfer to the
Moon was made. This spectrum is deficient at the
high-frequency end, probably because of a mal-ad-
justment of the interferometer, but it serves to con-
firm the spectrum of Figure 27. We see no reason
to believe that o Sco has a higher steam content
than does o Ori. The 4616 cm™ peak is confirmed
by this spectrum.

The spectra of the four Mira stars show large
absorptions due to stellar steam, a fact that was
first shown for Mira (o Cet) by Kuiper (1962b,
1964). The infrared spectra of o Cet, R Hya and
R Leo appear to be quite similar, except for the
amount of steam absorption. ¥ Cyg not only has
less steam absorption than do the other three Miras,
but its spectrum differs in other respects. Note par-
ticularly that the steam absorptions in the Mira-star
spectra differ greatly in character from the water-
vapor absorptions in our atmosphere (Figure 4 and
5); this was first pointed out by Kuiper (1962b),
who attributed the extra width to “hot” (steam)
bands that are not appreciably excited at the tem-
perature of the Earth’s atmosphere. The wings of
the steam bands extend well into the atmospheric
transmission “windows” where the extinction cor-
rections are small. Thus, determinations of the
amount of stellar steam absorption from our spec-
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tra should be accurate. The difference between the
o Cet spectrum and those of R Lyr and « Her can-
not be due to the extinction correction.

This segregation of the Mira stars from other
stars, on the basis of their large steam absorptions,
was previously unknown, although Kuiper’s (1962b,
1964) data suggested it. It has generally been as-
sumed that steam absorption would increase with
advancing spectral type and that stars at M5, such
as R Lyr and o Her, would surely exhibit the effects.
The difference between these two M5 giants and
o Cet (which was observed near maximum light
when its spectral type is about M5) is spectacular.

Our findings that the M4-MS5 giants and the
supergiants o Ori, & Sco and u Cep have little or
no stellar steam absorption is contrary to those of
Woolf, Schwarzschild and Rose (1964) and Dan-
ielson, Woolf and Gaustad (1965), who observed
from the balloon observatory, Stratoscope II. Their
low-resolution spectra were interpreted as indicat-
ing steam absorptions in « Ori 10 to 20 percent
of those in o Cet, while the u Cep absorptions were
33 percent of those o Cet. Clearly, such absorptions
in o Ori and u Cep are not indicated by our spec-
tra; as we discussed in the second paragraph of
this section, the aircraft spectrum of o« Ori offers
no evidence for significant stellar steam absorptions.

The spectra of the three carbon stars, U U Aur,
Y CVn and U Hya (Figures 29, 30 and 31), show,
as expected, that the steam absorption bands in these
stars are weak. These late carbon stars show no
evidence of steam absorptions like those of the Mira
stars (Figures 23, 24 and 25). Note the peaked
appearance of the carbon-star spectra at about 5700
cm™!; steam absorption in Miras shifts their peak
to 5900-6000 cm™. These differences are not due
to the atmospheric extinction correction, since the
corrections are small in these regions (see Figures
4 and 5). McCammon, Miinch and Neugebauer
(1967) have already commented upon other fea-
tures of the spectrum of Y CVn, including the sharp
drop at 5660 cm™!. This feature also appears in
the spectra of U U Aur and U Hya. We suggest

- that the absorption is due to C,, in accord with the
laboratory spectra of Ballik and Ramsey (1963).
Note the inverse correlation of this feature with the
strength of the CO bands at 3900-4300 cm™!.
These stars show many features that do not appear
in the K and M stars; furthermore, they differ rather
strongly among themselves.

W g ’”k%
Wiy |
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Fig. 26 The corrected spectrum of x Cyg, Mpe, S. Good equal-altitude transfers on two nights. Steam absorption smaller than in R Hya, but quite definjte. The 4616 cm™1 emission

appears here, and also in another spectrum.
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Fig. 31 The corrected spectrum of U Hya, C7, 3. Not equal-altitude transfer.
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6. Conclusion

We have given here infrared spectra of 21 stars,
corrected for atmospheric extinction to 41,500 feet.
All spectra were derived from data taken with a
rapid-scanning Michelson interferometer. Some
stars show evidence of stellar steam absorption in
their spectra; others do not. There is no evidence
of steam in the spectra of « Her or R Lyr, even
though their spectral type is M5; o Cet near maxi-
mum light, with a spectral type also about M5, has
strong steam absorption. We also note that x Cyg
has smaller steam absorptions than does o Cet (and
R Hya and R Leo).

There is some correlation between the strength
of the steam bands in our spectra and the strength
of the 9-12 u excess emission found by Gillett,
Low and Stein (1968). For example, o Her has no
steam, and has no 9—12 u excess; o Cet has strong
steam absorptions, and strong 9-12 u emission. x
Cyg is intermediate in both attributes. The same
point can be made by reference to the K-N (2.2 pu—
10.2 w) colors, as shown in Table 2. The first group
of stars in the table has K-N averaging around zero;
the second group (the Mira stars) has K-N ~ +
1.0. On the other hand, the third group of stars
shows that the correlation does not exist for the
early-M supergiants, which also have large excesses
both in K-N (Johnson 1967) and from the data of
Gillette, Low and Stein.

It seems quite possible to explain the observed
infrared excesses exhibited by both the supergiants
and the Mira stars as radiation from large circum-
stellar clouds surrounding the stars. Such clouds are
already known to exist for some of these stars
(Deutsch 1960). Why the steam is associated only
with the Mira stars, remains to be explained.

TABLE 2
K-N COLORS OF STARS
H,0
STAR SPECTRAL TYPE K-N PRESENT

« Boo K2 IIp —0.10 No
o Tau K5 HI +0.15 ?
4 Dra K5 11X +0.10 No
82 Lyr M4 11 —0.05 No
R Lyr M5 I +0.06 No
« Her M35 Ib-II —0.08 No
x Cyg S7, 1e +1.2: Yes
o Cet MSe (max) +0.9 Yes
R Hya Mée +0. Yes
o Ori M2 Iab +0.77 No
a Sco M2 Iab +0.42 No
u Cep M21Ja +4-1.62 No
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